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I.  Abstract: 
The preraration and compositions of Cd-substituted Ba2NaNl)li015 
is discussed. The properties under study included the la t t ice  
narameters , density, linear t h e m 1  expansion, dielectric constant, 
microstructure, and electrical  conductivity. Some of the measuring 
setups arc described and discussed. 
nansion data, phase transitions were sham i n  these niobate smles .  
From the linear thermal ex- 
h ap-roach, which related empirical factors o f  cations with the 
ferroelectric transition temperatures, is  included in  the bnenclix. 
11. I)iscussion: 
A. Objective 
The o1)jective of this  nro,vam is t o  study the die1ectri.c 
nropcrtics of ccrcmic mixed crystals (solid solutions) containina 
barium scrlium niobnte BaZNaNb5015 ; t o  correlate the ''intrinsic" 
dielectric nroperties with the chemical comnositions; t o  correlate 
the "extrinsic" dielectric pronerties with the c m o s i t i o n  and the 
microstructure o f  the samples; and t o  devise amronriate mcms t o  
inprove the dielectric propertics . 
This study denarts from the usual nractices of isostructi~ral 
substitwti.ons i n  nrenarino the mixed. crystals. 
substitute a cation A by another cation 13, wlicrc A ,and S have ttie 
same ionic charge and the ionic sizes of A and R dif fer  bv less th,m' 
1%. Such nracticcs have the advantage of maintnininq t h e  crystal ,. 
structure of unsubstituted comouncl. 
intrinsic proncrties due t o  cation sulistitution from t?ie extrinsic 
Common nrscticcs 
But, they tend to  obscure the 
nromrties of the s m l e s ,  as the former effect  becomes ei ther  
equal t o  or less than the latter effect. 
drastic path in  selecting a substitutinq cation which is  different 
botti in  its ionic size and ionic charm € F Q ~  the substituted 
cation. 
study, is gadolinium Ctd, and it is used t o  substitute for  bxrim 
Ba, or sodium Nap or both, 
di-valent, and rd is trivalent. 
0.99 1, and 1.43 8 for Na', Gd3+ and BaZ+, resnectively. 
therefore obvious that the Cd suiistitution will nmvide s i g -  
ni  Cicant differences from Ra2Naii501S. 
st i tuted cations, either Ra, or Xz, or hoth, v i12  nroduce sane 
differences too. 
first of a l l ,  deal only with the "intrinsic" nronerties brouqht 
This study takes a 
'he siibstitutinq cation snecies , selected for i n i t i a l  
Sodium is monovalent hariwn is 
Their ionic sizes arc 0.98 8 
It is 
Furthermore, the sub- 
Using th i s  appmac??, it is thouqht that  we cam, 
about bv the Cd sulistitution. Tliose " ~ x t r i n s i c ' ~  nronerties such 
as main size cffi*ct. norosit) effect ctc., which are the results 
of samnle nrenaration, are a t  present studied in  a secondary role. 
There are h f i n i t e  combinations of Gd sds t i t u t ion  t o  
Ha2NNb5015 We first l i m i t  ourselves t o  one stron2 constraint, 
namely, 0.1 moles of cations i n  Ba,NaNb,O,, are sullstituted in 
each case. 
Y c .Lu 
- 
We then l i m i t  ourselves t o  s ix  ways of substitution, They 
are : 
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No - Composition 
13 
14 
15 
Ba2NaNb5 0 15 
Cd Na Nb 0 
Gd Na Nb 0 BaZ.O 0.1 0.9 5 15.10 
Cd Va Nb 0 Ba1.95' 0.1 0.95 5 15.075 
Ba1.9 0.1 1.0 5 15.05 
Bal. 9%. OsNal. os Nil 5 0 15 
Bal. 9SGd0. osN%. 95 N b I )  5 15 
Ba2. OGdO . 0334Na0. 9 NbSo15 
In a l l  these c q o s i t i o n s ,  the chemical fomlae  given are 
the theoretical or ideal formulae. The actual coms i t ions  may 
contain either cation vacancies or oxygen vacancies o r  both. 
However, from the ideal formulae, the comositions Nos. 4,s and 6 
represent nonstoic1ii.ometric comosit ions . 
number for  the to ta l  cations remains the same, i .e . ,  3.  Because 
In them, the mole 
of the different valence for Cd as fo r  Ba or Na, the mole number 
of oxvgen must therefore dcviate f ror  its oriainal number, i.e, 15. 
On the other hand, the comositions Nos. 1.7,14 and 15 renresent 
stoichiometric compositions. 
constraint. (The comosition No. 13 violated th i s  rule, hoirever) . 
'I?iey are made accordinr-r t o  the stronp 
B. Samnle nreyarations: 
Paw materials used in tliis studv are: BaC03 (rcaqent grade, 
Fi shet) Na CO (rexyent yrade, Fisher), Gd203 (American Potash 
code '323.9) , and iu172[35 (Kewacki , optical ,pidc) . 
2 3  
E x h  batch w,+ 
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about 20 grams in  weight, Nixing of raw materials was done by 
hand with an agate mortar and pestle. ??ethyl alchol was used 
as the mixing and grinding rnedium. 
infrared lamp. 
were pressed from tire dried powders. They weighed about 10 
grams each. 
f o i l  and dried in  a qlobar resistance heating furnace in  am- 
bient atmosphere. 
temnerature controller (Temn-Tc:iclor, API) to  within *@. 
were placed into the furnace below l O O e .  
1200°C in  about 24 hours. 
1210° fS°C for  16 t o  18 hours. 
turned off, and the pellets were furnace-cooled to about 100°C 
in  about 10 hours. 
Drying vas done with an 
Pellets of 1 inch diameter and 1/4 inch height 
The pellets were placed on a 10  m i l  platinum 
The furnace WLS controlled by a proportional 
Pellets 
The furnace reached 
Vie nellets were maintained a t  
After which, the v o c r  was 
The fired nellets vere crushed by hand to  
powders. 
to  insure comlete chcmical reactions. 
X-ray diffraction’ runs were made on the nowdcr samnlcs 
If the x-ray results in- 
dicated incomplete reactions, a re-firing of the nowdcrs in  vel-  
let form was made. In most cases, sinele f i r ing was sufficient. 
For samples used in  nhysical measurements, they were cold- 
The messed in a Carver laboratory press. A 1 / 2 ”  die was used. 
samples were then fired in  the same f i r ing  and cooling schedule as 
the first firing. Fired samples, after fine mechanical polishings, 
were used for dielectric and electrical conductivity measurements. 
The samples used for  dilatometer were cut from the pellets into sizes 
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of 0.4'' long and 0.2" nominal diameter with a diamond cutof€ 
machine, and were ground f la t  on both ends 
Portions of the nel le ts ,  a f t e r  cuttin?, were 'used for  
microscotxic studies. 
in trying t o  etch the niobate samnles. 
utions ive t r ied as follows: 
:Ve encountered a ereat deal of diff icul t ies  
.Among the etchin? so l -  
1. 1.1~1 : H2S04 : H3P04 = 1 : 1.: 1 (boiling solution) 
2.  H c l  + glycerol 
3. 50% HNo3 (Hot) 
4. HF : HFi03 = '2 : 1 (I-Iot) 
5 .  I-I!: (Hot) 
6. Hcl (Ilot) 
#one of these etchin? solutions nroduced my noticeah1.e etch after 
extended neriocls . Fi.nally, the samples were thermally etched. 
Tliey were heated by a hand torch of hydroqen oxyyen flame and 
nuenclied in  a i r .  A photomi.crogranh i.s presented in  Figure 1.. 
S m l e  desiqnations are marked with an aldiahet and two num- 
The alnhabet denotes the batch series, the first nmher bers. 
denotes tile cml3ositi.on number, and t?ie second number denotes the 
f i r ing series. 
C. S m l e  nroyjertics: 
1. Lattice parameters 
A connuter promam was kindly supdicd  t o  us by nr. (3iarl.es 
P. Kempter of Los A l m s  Scientific Laboratory. I t  is based on 
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a teclmique, due to ?ogel and Kempter (R.E. VoTel and C.P. Kcmter, 
Acta Cryst e - 14,  1130 (1961)) , which employes the convergent iterative 
method t o  nroduce a nrecise determination of la t t ice  narameters . 
This method has been extended t o  noncubic systems including t h e  
monoclinic systems. 
x-ray diffraction ne&. 
to  be used with IR'! 360/67 system. 
I t  requires the assignments of h k l  to each 
!:re have adontcd th i s  comuter nrogram 
lVe use the vrograrn not only to  determine the la t t ice  
parameters, but rely on the standard deviations in the la t t ice  
parameters t o  sor t  out tlic snurious imn,uri t y  nenks. 
la t t ice  narameters of the fo l lov ing  niobate c D r n w s i t - :  ions werc 
obtained together vri.th their  standard deviztions as follqvs : 
The 
C -- 0 - a ..- Comes i t ion AT). 
0 17.54%+ I!. 08ci 1 7 . 7 X t  J .  159 3.9882 0.023 
4 17.5662 9.099 27.605+ n.n33 3.9742 9.903 
5 17.5732 (!. 977 17.5812 9.156 3.9812 0.021 
6 17.556+ 0 e 066 17. Gi!4+ 0.133 3.9782 0.018 
Trc la t t icc  varcuncters of i3n >Ja\h 0 (coriyosi-tim %. O ) ,  as 2 s 1s 
so kindly wovided t o  us 1)s D r .  E .  Gicss of II.3'7, arc 17..588+- f?.WX, 
17.61452 0.0028, 3.99932 n.0001 'A f o r  a,b, and c ,  rcsnectivcly. 
Therefore, our \datz aqec  with the IP! data in gcncral features, 
but our data lac?; lac!'; their  prccisions. ??e are nresmtlv refi+nn: 
our data. 
The X-ray density for Ba1~95Gd0~1Nao~95Nb5015~075 (composition 
No. 6) is found t o  be 5.563. The density of composition No. 6 nowder 
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is found to be 5,279. 
of 5.190, which corresnonds to  a 33.3% dense body of comosition 
No. 6 .  
Tic cercmic samle AG-3 has n hulk density 
2. Linear thermal exnansioris 
?{e constructed automatic recording linear dilatometer. 
The descrintion of the dilatometer is  included in Anpendix A. 
The oneration and calibration of the dilatometer is included in  
Atmendix B. 
I t  is our intention that throuqh the linear thermal ex- 
nmsion measurement, the crystalloyranhic nhase transitions can 
be studied. Since the ferroelectric nhase tr'msition occurs 
coincidentally v i th  a crystalloqrmhic nliase transition, the 
dilatometric measurement c m  produce an accurate dctcrminxti on of 
ferroelectric Curie noirit . Moreover, the tliennal hysteresis can 
also be studied. 
The curves of linear thermal expansion vs temneratures for  
samnles €3-0-3 (BaZNah%sI)15) , B-4-3 (Bal. $dg. lNal. $Ib5Ol5. 
~ 
A-5-3 (BaZ*@l;dq \ .  p O . g ~ $ 1 5 * 1 ( j  19 and f3-6 -3 CR"3 . @$). pa(). (+&+-$j .Q75) ? 
are nresented in Fiqures 2,3,4, and 5. 
several non-monotonic chanqes in  their  slones, i .e. , tk linear 
thermal exnansion coefficients. These ctianqes of sloFes are aqain 
presented i n  the exnandecl temerature scales as s?m..m in Fiqures 0 
arid 7. 
2 . 2 1  x 
Al l  these curves exhiSited 
?he detcctibil i tv of the dilatometer is in the order of 
cm. (or O . S ~  x IO-' inch). Tfiis renresents anproximately 

MILLIMETER MAUE IN I 1  5. A. 
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a detect ibi l i ty  in AL/Lo of 0.3 x 
we are still in  the process of ascertaining which of these changes 
A t  t h e  present t i m e ,  
are t ruly phase transit ion behaviors. On the other hand, as 
slicnm in Appendix B, the linear t!iennal expansion curves of 
ferrite sample did not show sharp chanqes i n  slope, therefore, they 
are definately not due t o  snurious responses of the dilatometer. 
We can anly identify the temerature regions where the 
s l q e  change behaviors occurred. They are as follows: 
Composition No. Slope chang.ing regions 
0 310' - 330'C; 510' - 540'C; 
540 - 570'C; 570' - 6OOOC 
4 220' - 250'C; 430' - 46n'C; 
540' - 570'C 
5 
6 
310' - 350'C; 
520' - 550'C 
420' - 450'C; 
220' - 240'C; 430' - 460OC; 
5 3 ? O  - 570°1: 
The ferroelectric Curie temperature Tc of Ba2NaNb5015 
(cmosi t ion  No. 0) was reported t o  be 56OoC (L.G. Van Uitert 
e t  a l ,  Vat. Res. Bull. 3, 47 (1968)). 
carefully studied currently. 
These behaviors are being - 
3. Dielectric constant 
A General Padio type 1620-A capacitance -measurinq assembly, 
toyether w i t h  a General Padio Dielectric S m l e  Holder, was used 
- 16 - 
t o  measure the dielectric pronerties of the niobates. 
frequency ran,ge is from lOOHz t o  1 O K H z .  
composition No. 0 , 4 , 5 ,  and 6 a t  room temperature are presented 
in FiLpres 8 and 9. Within the frequencv ranqe used, the 
dielectric constants of these niobate samples were nearly 
constant. Cornsitions Nos. 5 and G differed very l i t t l e  
f r o m  composition No. 0 ,  the unsuhstituted Ba2NaNb5OI5. But 
The 
Dielectric data of 
composition No. 4 showed an increase in  dielectric constant 
over composition No. 0. 
No. 4 showed a damping peak a t  about 2KHz. 
From dielectric loss, composition 
The causes for 
these deviations are not known. Some additional compositions 
w i l l  be FreTared t o  ascertain these effects. 
A high temerature dielectric measuring setun was con- 
structed. 
iiolclcrs are Ttrpsentcd i n  Fiwres lD,ll,lZ and 13. 
can be used up t o  333OC at nrezent. A modifid ven ion  will 1~c 
constructed to  raise the operating t e w r a t u r e  t o  about 1000°C. 
The capacitance of the setup is  about 190 pf. 
The schematic dravinzs of the s e t w  and tne sample 
This s e tm 
In a l l  dielectric 
measurements, three terminal methods were employed. 
4 .  Electrl; cal conductivity 
An electrical  conductivity masurinq setun was constructed, 
u s h e  a KejtXey 61OIZ electroneter. A vacuum of l O - '  Torr can 
be maintained in  this  setup, aid the sample tameratiire cm rcac?i 
N 
N 
I 
f 
. . . . . . . .  
. . . . . . . .  
. . . . . . . .  
. . .  
Fie- 
. ..- ... 
9. 
VACUUM TUBE ASSEM0l.Y 
- 
15 
I I ,  I .  
ri 4.10. Hie11 temncrature die lec t r ic  measuring setup - vacuum housino 
assembly. 
PART A 
PART 0 
Fig.ll. H i g h  temperature dielectric measuring setup - s m l e  holder, 
parts A and B. 
Fig.12. High temperature dielectric measuring s e w  - s m l e  holder, 
part C. 
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1 0 0 0 ~ ~ .  A plot of 1n CI VS. I/T for sample NO. B-0-3, un- 
substituted Ba2NaNbSO15, is sliam as Fi-pre 14 ,  where CJ is 
the conductivity. The activation energies were found to  be 
0.51 eV between 60O0-3OO0C, 1.14 el7 between 30O0-425'C, and 
0.79 ev between 16O0-3OO0C, resnectively. 
t o  note that i n  the temperature regions which we remrted 
changes of slopes in  the linear t_lermal eqansion curves, 
there are also changes of slopes in the conductivity curves. 
These regions are marked with arrows in  Figure 14. 
I t  is interesting 
Tests w i l l  be conducted a t  different par t ia l  oxygen 
pressures i n  order t o  establish the intr insic  reqion of the 
electronic conduction. 
stoichiometries of our samples. 
From it, we cm learn about the non- 
De Xelated activit ies : 
1. Presented talks 
A talk,  enti t led "Empirical Factors for Calculations of 
-the Ferroelectric Transition Temneratures of Tungsten Bronze 
Tyne Niobates", was nresented before the meetings of the American 
Physical Society, PJarch, 1969. 
A talk,  enti t led "Elastic Filoduli of Binary comT)osites", 
was presented before the meetings of the American Ceramic 
Society 'lay 1969. 
The abstracts of both talks are incltded i n  Amendix C. 
. 
0'0 0'5 3.0 3 ' 5  
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The first paper established empirical factors for cations. 
By the use of these factors, a ferroelectric transition temp- 
erature can be calculated and it agrees reasonably with the 
known experimental data. 
substitutions, this approach will eliminate the need of 
studying the compositional effect of any substituting cation. 
In other words, there is no need to study the effect of Gd 
In this present study of cation 
substitutions in terms of 0.1 moles, 0.2  moles substitutions, 
and so on. Moreover, the preferential site substitutions and 
the local structural distortions can be detected when the 
effects arc significant. 
The second paper deals with the pore or second phase 
distributions in ceramic samples and their effects on elastic 
moduli of the samples, A statistical approach is adopted 
which  gives good agreement with experiments. As thjs approach 
is easily adapted to magnetic permeability and dielectric per- 
mittivity, this study will rely on it to include some of the 
"extrinsize'' properties of the samples into the data analysis. 
2. Submitted papers 
A paper, entitled "Empirical Factors for Calculation of 
the Ferroelectric Transition Temratures of Tungsten Bronze 
Type Niobates", is submitted to the Philosophical Magazine for 
publication. A copy of the text is included in Appendix D. 
- 27 - 
111. Future Plans: 
A. We will continue the study of Gd substitutions into 
Be We will also study the effect of Cr substitutions into 
BaZNaNb5015. 
C. We will continue the study based on these properties: 
1, Lattice parameters 
2 .  Density 
3. Wicrostmcture 
4. Linear thermal expansion 
5. Dielectriccconstant 
6. Electrical conductivity 
D. We have initiated an electron microprobe analysis of the 
niobate samples. We plan to use this approach for the Eol- 
laving featmes : 
1. 
2 ,  
The chemical hqnogeneity of the ceramic s q l e  as mepared. 
The honogeneity of Gd, or other cation, substituticns 
E. 
stit~itions from the structural viewpoint with their dielectric 
nroperties. 
Ne nlan to make some correlations between the cation sub- 
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DESIGN OF APPARATUS 2 
7 ‘‘2 
FURNACE 
The furnace that we have‘constructed is. of the tubular 
ceramic type, 
for dimensions of furnace components) wound with #l8 
gauge Kenthal wire at 8 turns per inch as the heating 
element,, 
in place, 
then the outer case of steel was put in place. 
a non-inductive coil as shown in the following diagram: 
This consists of an Alumina core(see Tigure (2) 
Cement was spread over the wire to help keep it 
Insulation was put in around the inner core and 
- --__- - 
The Kenthal wire was wound on the core so as to give 
j 
I L 
I 2'4 
- I  
,_ PRINCIPLE OF OPERATION 
Figure (I) shows a block diagram of t h e , e n t i r e  ex- 
perimental  setup,  The cons t ruc t ion  of the furnace-=& 
d i l a tome te r  w i l l  be d iscussed  i n  de t a i l  i n  the  nex% sec t ion ,  
The v a r i a c  i s  used t o  supply a var iable  power source 
t o  t h e  furnace ,  T h i s  v a r i a c  has a vol tage  of  0-140 v o l t s  
and a cur ren t  capac i ty  of 10 amps.(See Appendix A f o r  a 
complete l i s t  of instruments: and. s p e c i f i c a t i o n s ]  B A time 
propor t iona l  c o n t r o l l e r  is i n s e r t e d  i n  t h e  s e t u p  between 
the  v a r i a c  and the  w a l l  o u t l e t  t o  c o n t r o l  the  i n s i d e  fur -  
nace temperature through the  use  of thermocouple #2, The 
time propor t iona l  c o n t r o l l e g  can be p r e s e t  t o  a given 
temperature a t  which the  furnace i s  desired t o  remain, 
When % h i s  temperature i s  reached, the  c o n t r o l l e r  c u t s  o f f  
the  power t o  t h e  va r i ac .  . A s  the  furnace  begins  t o  f a l l  
below the  preset  temperature t h e  power i s  restored to t h e  
v a r i a c ,  In t h i s  manner, t h e  time propor t iona l  c o n t r o l l e r  
maintains  a constant  temperature i n s i d e  t h e  furnace.  
A use fu l  f e a t u r e  of the  c o n t r o l l e r  i s  tha t  it can a l s o  
be used t o  increase  o r  decrease t h e  furnace temperature a t  
a s p e c i f i e d  rate.  For our  purposes, however, w e  w i l l  not 
be t ak ing  advantage of  t h i s  f e a t u r e  a t  t h i s  time. Further  
experiments using t h i s  s e tup  may prove i n t e r e s t i n g ,  
It was de- 
s igned t o  give a constant  temperature range over a sample 
about long and 1/8" i n  diameter. The design and con- 
s t r u c t i o n  of  t h e  furnace is discussed f u l l y  i n  t h e  next 
s e c t  ion , 
The furnace is of t u b u l a r  ceramic type. 
An E a s t e r l i n e  Angus temperature recorder  with a scale.  
- reading from 0-2000'F is  used t o  record t h e  temperature i n s i d e  
t h e  furnace.  A chromel-alumel thermocouple is posi t ioned 
next t o  t h e  sample and t h e  leads  extend down and out t h e  
bottom of  t h e  furnace and over  t o  the  temperature recorder ,  
The cold junc t ion  temperature i s  assumed t o  be a t  room 
temperature,  
t h e  sample is approximately i n ' t h e  c e n t e r  of t h e  furnace.  
The copper core  of t he  LVDT is connected t o  t h e  pushrod of 
t h e  d i la tometer  (see Design of  Apparatus: Dilatometer f o r  
complete diagrams of the  dilatometer-LVDT core assembly) 
and expansion of t h e  sample causes the  copper core  t o  move 
through the  transformerewhich c a u s e g a n  AC s igna l  t o  be 
t ransmi t ted  t o  t h e  LVDT demodulator. Prom t h e  demodulator 
a RC! s i g n a l  i s  s e n t  t o  the m i l l i v o l t  recorder .  I n  t h i s  
manner we would have a reading of v m i l l i v o l t s ,  From a 
c a l i b r a t i o n  of mi l l fvol t s / inch  (see sec t ion  on c a l i b r a t i o n )  
a simple ca l cu la t ion  would t e l l  us how much sample has, 
expanded. 
v o l t  recorder  and t h e  temperature recorder  would g ive  us  
a p l o t  of expans iw  VS, temperature. 
- The d i la tometer  is pos i t ioned  i n  t h e  furnace such tha% 
Taking the  data simultaneously from the m i l l i - -  
I .  
top por t ion  of t h e  c o i l  t h e  magnetic f i e ld  induced by 
e curren t  flow-is i n  t he  d i r e c t i o n  of arrow 1. I n  t h e  
lower por t ion  of the c o i l  t h e  magnetic f i e l d  i s  i n  t h e  
d i r e c t i o n  i n d i c a t e d  by arrow 2. These t w o  f i e l d s  w i l l  tend 
t o  cancel each o t h e r  and i n  t h i s  manner wil&%give a non- 
induct ive  Coil. From power e l a t ionsh ips :  
-1 
P=ET=$B 
our c o i l  the  ses3stance was mw t o  be. 20 ohms. 
i s  value i n t o  
( 2 0 1 4  1 e 21x1 w a t t s .  
,6 x 103 watts .is st i l l  a raasonable  power consumption as 
-compared t o  t h e  .5 x 10 
in t h e  f i n a l  plan of t h e  experiment, .  
3 
watts w e  had ca l cu la t ed  previously 
P=EI 
I ~ P / E = . 6 x l 0 3 w a t t s ~ l ~ O  voPts.+.45 ~ p s  
5.45410;, t h e  amperage requirement i s  s a t i s f i e d .  
Kenthal wire has a r e s i s t a n c e  ~f 80 
#18 gauge Kenthal wire:: 1624 c i r .  m i l l s . .  
800/1624=.493 QhmsLft, 
msdcir mill/ft. for 
20 ohms/.493=41,0 f t ,  
C=2ITB 
R = l  It 
* .  C=2W=6 e 28" 
(12ip. / f t  e ) (41 , O f t  e )=492fr 
(8- t ~ r n s / i n ) ( 6 , 2 8 ) = 5 0 , 2 ~ ~ ~  used pe r  inch of core. 
492h50 . 2 4  8" 
This J l eng th  i s  t h e  amount of  core  covered by t h e  Kenthal 
wire t u r n s ,  T h i s  i s  reasonable f o r  o u r  furnace s ince  when 
we were winding t h e  wire on the 12" long alumina core we 
left appromixately gl$ a t  both  ends and 1" i n  t h e  middle t o  
anchor the wire windings secure ly  t o  t h e  core  and f o r  l eads  
t o  extend out  e ( see  "Building the Furnacen) e 
Calculate  t h e  heat  l o s s  f o r  t h e  furnace 
$eat l o s s  -2Mca(T-T~)L/2,3 log(D/d) 
., 
- 
. 
k p  thermal '  conduct ivi ty  of insulation=,OOS watts/sq,in/in./  C, 
!PI= surfaca temperature 
L? length of c&e . 
a= ou t s ide  diameter of furnace  . .  ..- .,
d= 'inside diameter of core . 
Heat l o s s -  2 (.OOg~(650)(12.25j/2.3 10g(6e5/1m5] 
= (6.28) ( e 005 (650 (12 0 25 I/ (2 0 3 > ( 64) , 
' = (4,25) ( 5 ~ ~ 0 " s )  ( 6..5x102) (1 e 225~10)/( 1 47) 
= (4e 25) (5x10- )(6,5X1O2)(1.225x10) 
= 170 watts 
. _  For our  own design we had est imated a heat l o s s  of 200 wakts, 
The heat loss for t h i s .  furnace  of 170 watts  i n d i c a t e s  t h a t  
t h i s  was a somewhat b e t t e r  design, The following is  a com- 
par ison between t h e  parameters of our first design and t h e  
a c t u a l  furnace as it is  ready for the-experiment:  
Design 
I 625" 
2 " 
- J l t C  
.005 
200 watts 
Actual Furnace 
6.5" 
1 5" 
12, 25t*' 
005 
170 watts 
DILATOMETER -., ,- 
The d i la tometer  was b u i l t  f o r  us  by t h e  glass shop at 
Brookhaven Laboratory wi th  a f e w  minor modif icat ions t o  our  
ou r  o r i g i n a l  spec i f i ca t ions ,  The pushrod w a s  made> out  o f  a 
tube- of fused  s i l i c e  r a t h e r  than  a rod,. 
an advantage- l a t e r  on when w e  used- the  adapter (made by t h e  
machine shop), . to connect t h e  pushrod t o  t h e  copper core.& 
Ins tead  of using fused silica beads t o  keep the  pushrod 
&ligne.&, fused;, s i l i c a  r i n g s  were s l ipped  over t h e  pushrod 
and a t tached  t o  it a t  var ious points .  (:see f i g u r e  ( 3 ) ) *  
The adapter was a t tached  t o  the.  pushrod by hea t ing  the end of: 
the pushrod. w i t h  a- so lder ing  ipon and allowing melted wax 
to, diffuse:  i n t o  t h e  pushrod, The adapter  was. then inser ted.  
i n t o  the pushrod and t h e  wax a l lowed t o  harden, T h e  copper 
core  c ~ u X & t h e n  be'screwed on and of f  when necessary.. 
The d i la tometer  i s  constructed.  of fuse& s i l i c a ,  Fused 
s i l i c a  mel ts  a t  1200°K which w i l l  n e c e s s i t a t e  c a r e f u l  
operat ion of t h e  fgrnace but it a l s o  has  t he  advantage o f  
having a low c o e f f i c i e n t  of l i n e a r  expansion ( ~ . Y X I Q - ~ ~ ~ G  
from Mater ia ls  Handb.ook), 
d i la tometer  w i l l  a l s o  be expanding wi th  t h e  sample under 
study,. 
dbmeter and Lo long, This  tube i s . c l o s e d  a t  one end 
which f o r m s - a  base f o r  the  samplb t o  s tand  on, A t  t h i s  
sameend is  an opening i n  t h e  s i d e  of t h e  tube which permits  
t h e  sample t o  be in se r t ed .  A fused s i l i c a  pushrod extends 
from t h e  top  of t h e  sarnp7le up through t h e  tube t o  t h e  open 
e n d h t  which it is. a t tached  to: the- copper core  of t h e  LVW. 
The pushrod i s  10 1/2 long an4 118 i n  diameter,  It is* 
T h i s .  proved to, b e  
.\ 
T h i s  is of  importance s ince  the: 
1 :  
The d i la tometer  c o n s i s t s  of a fused s i l i c a . t u b e  1/2 i n  
( 1  
e t  I f  
of t h e  same. diameter-as  t h e  sample so. tha t  the fo rces  of  
expansion of t h e  sample a , re .dis t r ibuted enenly over  t h e  pushrod. 
I 
3 
/ 
I 
u r n m G  THE FURNACE 
.y 
Although we have already a s e c t i o n  covering t h e  design 
of t h e  furnace,  we f e e l  t h a t  a sepa ra t e  sec t ion  should be 
devoted t o  t h e  a c t u a l  bu i ld ing  process  and techniques used 
i n  the  cons t ruc t ion  of  t h e  furnace,  
e were f o r t u n a t e  t o  be able t o  acqui re  a second hand 
furnace from which we made use of t h e  o u t e r  case and the 
i n su la t ion .  An Alumina core 12" long  and with 0,P)r=21t and 
I e D ~ = l $ t f  was r e a d i l y  a v a i l a b l e  and we decided t o  use this 
although it was not  pregrooved,(We had planned t o  use t h e  
o r i g i n a l  core  but  we found it beyond r e p a i r  when we mi- 
wound the old wire) ,  
grooved core successfu l ly  proved t o  be almost impossible ,  
To a l l e v i a t e  t h i s  condi t ion,  we c u t  grooves i n  t h e  alumina 
core,  spaced 8 t o . a n  inch(see f i g u r e  4a). 
The Kentiha1 wire was a"lached s e c u r e l y - t o  t h e  alumina. 
core  by us ing  an 8" piece o f  Kenthal wire wound o v e r  t h e  
o t h e r  wire and drawn t igk-t  w i th  plLers , '  About 2%'* was lef'c 
as a l ead ( see  f i g u r e  Y b ) ,  Later on, these leads were 
folded over  on themselves and twis ted  t o  decrease t h e  
r e s i s t a n c e  i n  t h e  l eads ,  
t h i n  coat  of cement was put on over  t h e  wires so t h a t  they 
Winding t h e  Kenthal wire  on an un- 
After t h e  Kenthal wire 'had been wound on t h e  core a 
were j u s t  v i s i b l e ,  The i n n e r  coTe was then connected t o  t h e  
v a r i a c  and 30 v o l t s  were put  across  t h e  l e a d s  and l e f t  over  
n igh t  t o  dry(see  f i g u t e  4c) ,  
used t o  keep t h e  inne r  core  o f f  t h e  table,  
When %he cement was completely d ryp  the  inner core was 
placed i n t o  t h e  o u t e r  case and t h e  bottom cover wqs put ono 
Wedges of f i r e b r i c k  were i n s e r t e d  a t  the  t o p  and bottom of 
he furnace t o  keep t h e  inne r  core  i n  place,  In su la t ion  
as then  put i n ,  t ak ing  care  t o  leave dead a i r spaces  and 
Two l a y e r s  of f i r e b r i c k  were 
not  to pack it too tightly, The t o p  cover was then secured 
in place and the leads connected to t h e  terminal p o s t s ,  

rLVDT CONNECTING W I R E  HOOKUP 
9 
Since the leads that were connected to the transformer 
core  were t o o  short, additional connecting wires were 
soldered to them. Since the connecting wires were not all 
of the same color code as the wires from the transformer 
core ,  the following convention was established. 
WIRES FROM LVDT CONNECTING DE3ODULATOR PLUG#l 
TRANSFORME8 CORE WIRES TERMINAL #s TERMINAL #: 
yellow-black yellow #3 #3 
yellow-red white yellow #4 #4 
red red #5 #5 
blue white brown #6 #6 
green green #7 #7 
black . white gray . #8 #8 
Plug #1 was inserted in the connecting wires between the 
demodulator and the transformer core so that the two could 
be easily disconnected(see figure 6 ) *  
connecting wires to the millivolt recorder have the following 
convention: 
The .output wires and 
DEMODULATOR 
TERMINAL #s 
#9 
#lo 
#I1 
n 
WIRES FROM PLUG #2 CONNZCTING WIRE 
'DEMODULATOR TERMINAL #s TO MILLIVOL?! RECO 
black( common) 
green(- unf ilte 
white gray #3 red(+ filtered) 
white yellow #I 
white brown #2 
CALDRATION PPOCEDURE 
The m i l l i v o l t  servo-recorder-LVDT system w i l l  be c a l i -  
4 "  
brated by the  two methods descr ibed below. 
CALIBRATION ' I 
A )  Two samples, each 1/8" i n  diameter and sf d i f f e r e n t  
lengths(approximate1y between 1/2" and 3/$r1) w i l l  be placed 
iI?,to t h e  dilatome?er sepa ra t e ly  a f t e r  a l l  experimental  
apparatus has been set-up and ready t o  perform, 
(Note: Ends of samples must be made p e r f e c t l y  f l a t  i n  order  
t h a t  experimenter may be assured t h a t  length  is uniform.) 
B) ' P o s i t i o n  of m i l l i v o l t  recorder  w i l l  be recorded i n  
each case,  
T h i s  procedure al lows u s  t o  ob ta in  the  c a l i b r a t i o n  of 
the system, i , e , ,  the  chznge i n  xLuni t  length=change i n  9 
m i l l i v o l t s ,  
CALIBRATION 11 
A sample of  known composition i s  placed i n  t h e  d i l a t o -  
meter, ( l /8f1 diameter; about 112" l ength)  An a c t u a l  ex- 
perimental  run i s  performed and the data obtained i s  compared 
w i t h  tha t  of t h e  b e s t  known data f o r  t ha t  p a r t i c u l a r  compo- 
s i t i o n ;  T h i s  w i l l  t h e r e f o r e  a l low u s  t o  determine t h e  e r r o r  
of our  apparatus .  B 
(Note: See "Experimental Procedure" f o r  exact  de ta i l s  of 
experimental  run, 1 
Each bundle of l eads  coming from t h e  LVDT demodulator 
t o  t h e  two female plugs i s  approximately 6" long, The 
connecting wires t o  t h e  m i l l i v o l t  recorder  i s  approximately 
2LtSt long, 
approximately 6OVt  long, 
The connecting wires t o  t h e  t ransformer core is 
J 
The copper s l u g  is then at tached t o  t h e  pushrod as seen i n  
f i g u r e  1. T h i s  ass$mbly is i n s e r t e d  i n t o  t h e  furnace and 
clamped i n t o  place by a r i g i d  ex te rna l  clamping system. 
N e x t ,  t h e  LVDT demodulator i s  turned on and t h e  i n i t i a l  
p o s i t i o n s  of t h e  m i l l i v o l t  recorder  and t h e  temperature 
recorder  are noted. 
(Note: The m i l l i v o l t  recorder  may be ad jus ted  t o  zero m i l l i -  
v o l t s  at  t h i s  poin t  i n  order  t o  have more range. T h i s  may 
be done by loosening t h e  a l l e n  screw on top  o f  t h e  po in te r  
mechanism and moving the  po in te r  t o  zero.) 
The time proport ioning con t ro l  is p rese t  t o  a maximum 
temperature that  t h e  furnace i s  t o  obtain.  
m i l l i v o l t  recorder  cha r t  d r ive ,  time proport ioning con- 
t r o l l e r  and v a r i a c . a r e  turned on. 
(72 
Simultaneously, t h e  temperature recorder  char t  3 r ive ,  
(Note: The v a r i a c  con t ro l  knob i s  i n i t i a l l y  s e t  a t  zero and 
i s  then  brought up t o  120 v o l t s ;  t h i s  w i l l  avoid a l a r g e  
cur ren t  impulse) . 
temperature i s  obtained. 
run  w i l l  be completed. 
i n  m i l l i v o l t s  on $he recorder  w i l l  correspond t o  a s p e c i f i c  
change i n  length.  (Refer t o  Cal ibra t ion  I). Therefore,  from 
t h e  recorded data w e  can e s t a b l i s h  a one t o  one correspondence 
.between t h e  temperature o f . t h e  sample and i t s  length a t  t h a t  
temperature? From t h i s  information, a p l o t  of  l i n e a r  thermal 
expansion (i.e.Ql/19 where d l r ep resen t s  t h e  change i n  length 
from t h e  i n i t i a l  t o  t h e  f i n a l  temperature and 1 represents  
t h e  length a t  t h e  i n i t i a l  temgerature) i n  percent  may be 
made versus temperature(f igure 8 ) ,  It is the re fo re  poss ib le  
t o  make a s t r a i g h t  l i n e  approximation t o  t h e  curve for a 
small tempe1,ature i n t e r v a l  and obta in  t h e  c o e f f i c i e n t  of  
l i n e a r  expansion f o r  t h a t  p a r t i c u l a r  i n t e r v a l .  
T h i s  opera t ing  condi t ion is continued u n t i l  t h e  f i n a l  
A t  t h i s  po in t  t h e  experimental 
From the  data of c a l i b r a t i o n  I ,  a known s p e c i f i c  change 
' 
EXPERIMEHTAL PROCEDURE 
r. 
All apparatus  and instruments  should be interconnected 
as shown i n  t h e  block diagram(figure 1) , 
f i g u r e  7. An i n i t i a l  warmup per iod f o r  t h e  temperature and 
m i l l i v o l t  recordeTs is  now s t a r t e d  s i n c e  non-solid s ta te  
ampl i f i e r s  are incorporated i n  these  instruments.  The 
experimental  sample, 1/8" diameter  and approximately 1/2" 
i n  l m g t h  ( t h e  length  must be measured p r i o r  t o  experiment 
wi th  a micrometer and t h e  ends o f  the  sample must be made 
uniformly even and f l a t ) ,  i s  then placed i n  the  c e n t e r  o f  
the d i la tometer  and i n  a v e r t i c a l  pos i t ion .  The pushrod 
i s  then  placed i n s i d e  t h e  frame wi th  t h e  bottom of  t he  push- 
rod coming i n t o  contact  w i th  t h e  t o p  of t h e  sample, 
Th2 LVDT core i s  
7 i n i t i a l l y  connected t o  t h e  fus'ed s i l i c a  frame as shown i n  
I -- I -- -. - 
i 
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A P P A R A T U S  PlANUFACTURl3X'S AND MODEL NUMBER 
QUANTITY INSTRUMENT MODEL # MANUFACTURER 
1 Variac ~ 1 0 ~ ~ 3  
a Mi l l ivo l t se rvo  E-6701 E s t e r l i n e  Angus 
1 Time Proport ioning 715 API Instruments  
1 Temperature 6704 E s t e r l i n e  Angus 
1 UTDT DMPS-3 Schaevitz Engineering Co, 
1 Mi14_ivolt 8686 Laeds and Northrup 
- Wire 18 gauge Kenthal 
Recorder 
Cont ro l le r  
Servo Recorder 
2 Thermocouple Chronel(+) ---c----- 
Alumel (-) 
Pot entiornet e r  
- 3n - 
APPENDIX R 
O P E R A T I O N  AND C A L I B U T I O N  OF A ISILATOtllETER 
BY 
Siegfried Esslinger 
Walter Werner 
solve! ye tw'e n ? l . ~  t o  ca l ibra te  and conyrert tho n~il . l- iaoft  d c f l o c t i a ~  
to inchs of ciT;:nsFon. ';b kept an gccwatc account or" t h c  l;c.-.pora"Lui*c 
??le vo l t age  supplied to the oven is con t ro l l ed  by a m r i a c  :chi& 
allows us to s lov  down or s p e d  up the hea t ing  2s des i rcd .  Cl r i~ ina l ly  
n o  ttiorrnoosxq~a (cbroxafafme~) was posit iomc? next t o  t h  s t . ~ I a  
rather t h m  insIda  t:?o smplo as is the oa ture  of sone dil&wmtexss. 
Tt is c o i z ~ o s d  of a The L?ET t.~t?s US& to neasitre t h e  oxpansion. 
c o i l  WLI an iran core. Since t h e m  is very l i t t l e  h f ’ o r m t i m  on the 
LWT i t s  op,sr:ttion was unkrio~m t o  us, 
covered that in o d e r  t o  gst  a stable non-drift inz output  t h e  cDre of 
the T;PX had t o  Fo p o s i t i o n d  such t‘nat i t s  ccntgr coirmcidcd x i th  tho  
centor of t’io coil, 
decreased t l ~ e  5nstzbi’i.itv. 
inside t h e  coil slnce it %;as small enoug3 i n  diameter to rock. @ 
wrappin? tzpa amwA t ho  core we were able t o  provont t h e  rocking 
and s t i l l  haye t h e  necessary v e r t i c l o  frecdot:i. Regard]-css of o m  
precausions we sttll could n o t  g e t  a drift frm reding, 
nonts, 0 . q .  closing cioors, h a r q  footed Indians, end air c u r r m t s  d l  
offectcd t k o  roadbgs .  Wift was a l s o  c m s d  by tho buck3.n: devico i n  
t h e  o d l l i t - o l t  recorder vhich had t o  be adjusted t o  g ive  tllo dolflection 
before each xm. 
%rough oxperiment,&tion tiu dis- 
l?y doing t h i s  wo increased t ho  s m s i t i v i t y  mcl 
It WES also necossazy t o  stabtl izc t h e  core  
Other instru- 
Ey keeping th5.r-p the saxe os poss ib le  for mch run ws ’rrsre able 
t o  g e t  ro1,ztivc’l.y reproduci3le runs. 
on t h e  graphs st end. 
Tho d i f f e r e n t  runs bztw baa1 plot ted 
CALFt?LATIOl 
Once tho LVtIT vas s tab i l ized  to il 1.03 drift OVOT a one half hour 
period, we took 8 sample of a;lumInum (0,483 inches long)  and p l a w i  it 
of  altmLmm recorded by tho def lecl ion of the KV recorder could then bo 
relatod t o  tho calculated oxpansion, 
i i L  = Change in lon&h due to expansion. 
= Coeffici-ent of  l l noa r  expcmsj.on. 
Ttb perfomed two different heating ra te  exporimnonts becauso a t  low 
toinperatwe t h e  smp7.e does no t  have tiTe to acc l imte  t o  the surrounding 
tmporatnro. 
the fast nrl results,  3u% tho rate vas l i k i t d  by the d r i f t i n g  effect 
wl2ich bocane too approciablo at s l o ~  rates, 
'%e results for ~ ? L Q  s l o x  rm prom to he mrc accurate than 
The results were: 
A. Fast rms at 12n v o l t s  Inc:i/riv e r o r  
7 .5362x 10’~ a 0092 
8 . 5 w X  10-5 
9 .6026x 0576 
10 . 4 ~ x  10-5 e 0573 
* 
AVem*6t? vnluc: 54.55 x .0L72 x I O w 5  inches/unit deflection 
Wror  B. F low runs at 9r) v o a  
oI__ 
11 .6230x low5 * 0465 
12 .6877x low5 . 0116 
13 .7199x IO-’ 0318 
Avnraqe v a l s  67,6 x 1 0 ” ~ _ t  4.39 x IOe7 inches/unit deflect ion 
?om 
(slow) and f ron the slope of t he  A L/L vs T grarhs  we can f i n d  the  coefficinnts 
of them21  expns ion t  
theses values  we W I B ~  able to plot the expansion of s t e e l  ( f g s t j  and f e r r i t c  
For s t e e l :  ..c 
For fe r r i te :  
- 
*Tach div is ion  i n  o w  c x l i b m t f o n  was equal t o  .C6 inches, WMch is  also B urtt t  
deflection. 
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AFPEMITX n 
Empirical Factors for C a l  c a l a t i o n  o f  
t h e  Ferroelectric T r & n s i . G j  on Tei2pera tures  of 
Tungsten Bronze Type l!IJiobates* 
D e p a r t i a e c t  of Materials Science 
S t a t e  U n i v e r s i t y  of n 'ew York 
Stony 3 r o o k ,  New York 
Ab s C, r a c t  __ -
This . o r e s e n t  work co :" i -e ie t f  3 T r i i r e c t l y  t o  the :hemicR.l  
C 
c o E p o s i t i o n s  of t h e  tu r igs tc r !  bronze typec- riiobatss a n d  It. 
was found  t h a t  the c o n n o s i t t o n a l  effect c a n  be z d d i  5 I v e l y  
R e c e n t l y ,  Abrahanis e t  21 (1.368) f o u n d  a q u a d r a t i c  
r e l a t i o n s h i p  b e t w e e n  T f e r r o e l e c t r i c  t r a n s i t i o n  
t e m p e r a t u r e ,  a n d  A z ,  t h e  a t o m i c  d i s p l a , c e m e n t  b y  t h e  
h o m o p o l a r  m e t a l  a t o m  a l o n g  t h e  p o l a r  a x i s  a t  T < < T  i n  
C ’  
many d i s p l a c i v e  f e r r o e l e c t r i c s .  G i e s s  e t  a 1  (1969) f o u n d  
t h a t  for t h e  n i o b a t e s  o f  t h e  t u n g s t e n  bronze t y p e ,  l i n e a r  
r e l a t i o n s h f p s  e x i s t  b e t v e e n  T a n d  c / a y  t h e  l a t t i c e  p a r a -  
meter  a x i a l  r a t i o s  o f  t h e  compounds .  T h i s  p r e s e n t  work  
c o r r e l a t e s  T d i r e c t l y  t o  t h e  c h e n i c a l  c o r i ~ p o s i  t i o n s  o f  
t h e  t u n g s t e n  b r o n z e  t y p e  n i o b a t e s  a n d  i t  W R S  f o u n d  t h a t  
t h e  c o m p o s i t i o n a l  e f f e c t  c a n  be a d d i t i v e l y  c o n s i d e r e d .  
C ’  
C 
C 
The a p p r o a c h  i s  b a s e d  on  t h e  l n t t f c e  dyna.rnic~1. t h e o r y  
o f  f e r r o e l e c t r i c i t y .  We s d o p t  a o n e  d i m e n s i o n a l  l a t t i c e  
o f  t h e  p o l y a t r l r r , i c  m o l e c u l e ,  f o l l - o w i n g  B r i l l o u l n  (1953 1 .  
WFthiri e a c h  c e l l  o f  t h i s  l i n e a r  m o l e c u l e ,  BbO i s  t r e a t e d  
as  a single e n t i t y  a s  a r e  t h e  o t h e r  c a t i o n s .  T h i s  i s  
a p p r o 2 r i a t e  b e c a u s e  N b O G  o c ’ t a h e d r a  i n  r i i o b a t e s  ai-e l i n k e d  
3 
t h r o u g h  c o r n e r s  a n d  e a c h  o x y g e n  i s  s h a r e d  b e t w e e n  tYAro 
o c t a h e d r a .  A wave s o l u t i o n  o f  t h e  a t o m i c  d i s p l a c e m e n t  i s  
a s s u m e d .  The s q u a r e  o f  t h e  f r e q u e n c y  w 2  i s  a l i n e a r  
f u n c t i o n  o f  T-T as  shown b y  S i l v e r m a n  (19641, i . e . ,  
(1/A)w2=(T-T w h e r e  A i s  a f u n c t i o n  o f  M t h e  mass o f  
C r ’  
C ’  
t h e  r - t h  s t o m  w i t h i n  e a c h  c e l l .  The 
f u n c t i o n  D (k) i s  defiineci a s :  
r Y S  
- i k p  i> (k)=C C e for r f s ;  a n d  r ¶ s  ’I, F Y S  
- i k p  D (k)=- C C +c  cr ~ . .  e . c  i s  t h e  i n t e r a c t . i o n  
p 1’ s p s  p r s  -p 2 - r  r , r  
-2- 
constant on atom r in cell n due to atom s in cell n+p. 
Each compound has different A and T values. By assuming 
that w is nearly the same for isostructural compounds, the 
compositional correlation should, therefore, exist between 
1/A and Tc. 
C 
For the first approximation, we replace 1 / A  by 
1/(H Xr Drr/Mr) where Xr is the mole fraction of the cation 
in the compound. We assume a linear relationship between 
it and Tc, such as 
Fron! the knowr_ T values (Giess et al, 1969; O'Kane 
C 
et a1 1968; VanUitert et a1 1968) of tungsten bronze type 
niobatcs, the general constant C and D and the empirical 
factors Drr for various cations can be obtained through a 
series of successive numei-icaf iterations. In some cases, 
convergence was not obtained. Arbitrary truncation was 
introduced to reduce the AT between experiment and calculation 
and to maximize the number of niobates with small AT values. 
The constants C and D were found to be 1.169 and -4.09, 
C 
C 
respectively. The determined empirical factors D f o r  rr 
various cations are listed in Table 1. The larger D 
value has the effect of lowering the Curie point. 
r r /Mr 
Using these factors, the ATc values between experiment 
and calculation for some niobates are listed in Table 2. 
A AT of +l5' is considered to be in good agreement. It is 
clear, from Tabie 2(a), that the same set of empirical fac- 
C 
tors will produce good  agreement in some compounds and p o o r  
agreement in others. As shovn in Table 2(b), the factors for 
-3- 
K ,  B a ,  S r ,  a r d  L a  p r o d u c e d  f a i r  agreeraen’i. However,  the 
f n c t o r  fox- Pb w a s  p o o r ,  a n d  t h e  c o m b i n e t i o n  of‘ Pb a n d  L a  
p r o d u c e d  t h e  w o r s t  AT v a l u e s .  I n  s u c h  c a s e s ,  it f : ;  
p r o b a b l y  due  t o  s i g n i f i c a n t  local s t r u c t u r a l  d i s ‘ , o r t i o n s  
f r o r ;  t h e  c a t i o n  s u b s t i t c t i o n s .  
c 
A s  shown b y  J a m i e s o n  e t  a1 ( 1 9 6 8 )  t h e r e  a y e  t e c  
NbC, o c t 3 - h e d r a  i n  a u n i t  c e l l  o f  t h e  t u n g s t e i i  b r o u z ?  
s t r i x c t u r e .  Among t h e  o c t a ’ ? e d r a ,  t h e y  c a n  c o n t a i n  up t o  
c. 
t e n  c a t i o n s  r j t t . s .  TWO ~1 (01- c;) s i t e s  a r c  1 2 - - c o o r t i i r a t ? d  
c u b o - s c t a h e d y a l ;  fo.;.r 4’2 ( o r  6) s i t e s  are. g- . coor< : r i s t ed  
t r i c a p p e d  t r i g o ! i p L  p r - i s n a t i c ;  a n 5  f o u r  i: (or 7 )  s i t c s  
a r e  3 - c o o r d i n a t s d  p l a n 3 r  tr igc;r .a,3 , bIos t  of t k e  n io ’ca t e :  
have t h e i r  A1 e n d  A2 s i t e s  filled by c z t i o : i s .  F o r  
e x a m 2 l e ,  i n  RzW,:Ta(3jbO ) Na atoras fill t h e  A1 s i t e s ,  ? n d  
B a  a t o n s  f i l l  t h e  A2 s i t ~ s .  I n  some of  t h e  L i - c o n t a i n i n g  
n i o b d t e s ,  s u c h  as  K L i ,  !XbO ) K a toLs fill t h e  A1 a n d  
A:! s i t e s ,  and  L1 f i l l s  t h e  C sites. A s  shown i n  T z b l e  
L 3 5 ’  
3 r  3 5’ 
2 ( c ) ,  t h i s   sites O C C L ~ ~ Z F C ~  of L i  produce< p c o r  a g r e e m e n t  
i n  T v a l u e s .  When t h e  C - s i t e  o c c u p a n c y  o f  L i  i s  smal le r  
i n  p r o p o r t i o n ,  as  i n  t h e  c a s e  o f  xl\TaBa (EV,C ) . ( I - X ) N S ,  L i  
(Hb03)5 w i t h  x=O.8, t h e  agreement becomes g o o d .  
i l l u s t r a t e s  t h e  s e n s i t i v i t y  o f  t h e  empS. r ica1  f a c t o r s  t o  
t h e  t y p e  o f  s i t e  o c c u p u n c y .  When t h e  factors a r e  a p p l i e d  
t o  n i o b a t e s  o f  2 e r c v s k i t e  s t r u c t u r e  as  i n  T a b l e  2 ( d ) ,  t h e  
ag rcege r , t  i.s very 2ocr. 
C 
2 3 5  3 2  
T h i s  
\ 
\ [e  hayre ~ ~ g ] i ? <  t > ? , e  f ’ z c t o r s  to 34 Dio’o? ,%?s  oC t i-,----”. * I  4: i; i; b -2 1’ 
b r o n z e  t y p e .  \!e fou.nd t h 2 . t  32 . b % k i l . e  of t h e  niobate: ;  have 
- 4 -  
I - ' L c  ,\ ri I ~ 7 f  5 1 0 ;  L 4 . l $ t i l e  for 515; 7 6 . 5 ? ! t i l e  f o r  - <;o; a n d  
85.3: , : t i lc  f o r  5 9 0 .  It  i s  t h e r e f o r e  c o n c l c d e d  tli:+,t t h e s e  
f a c t c r s  c z n  b e  c o n s i d e r e d  as  o p e r a t i o n a l .  They c a n  p r e d i c t  
t h e  Curie pcint w i t h i n  r e a s o n a b l e  r a n g e ,  a n d  t h e y  a r e  
s e n s i t i v e  t o  s t r u c t u - r a l  d i f f e r e n c e s .  M o r e o v e r ,  t h e y  c a n  
be  u s e f u l  i n  p r o v i d i n g ,  on a n  arbitrary s c a l e ,  t h e  i n t e r a c t i o n  
c o n s t a n t s  b e t w e e n  atoms i n  t h e s e  n i o b a t e s .  
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C = 1..163 
1) = - 4 . 0 9  
Enipiricc?l Factors : 
(KbDj) - 3  
T r D 
0 . 0 5 8  
0 . 0 4 2  
0 . 1 5 5  
0 . 4 2 4  
0.3.65 
0 . 3 6 1  
0 . 3 7 4  
9.461 
0 . 1 0 6  
l’ahlc 2 
C:il.culated T of Niobatcs 
C 
( X = O :  0 . 2 ;  9.4; 0 .6 ;  0 . 8 ;  1.0) 
- (1 -sj W b Z  (XbO ) - 3 . 9 ;  - 2 5 . 2 ;  + 2 0 . 2 ;  - 1 3 . 9 ;  
-3 .5  3 5  
X1”P ( N b O g )  ‘‘. - \ 2  
[x=O.4; 0 .5 ;  @.G; 0 , s ;  1 . 0 )  
+13.s ;  4 2 9 . 8 ;  a 9 . 5 ;  + 3 7 . 1 ;  
i 2 5 . 1  
(x=O.l; 0 . 2 ;  6 . 3 ;  0 . 3 5 ;  0 . 5 3  
xLL!h30g (1 - > ; ) K S r 2  (Shq-.) - 3 . 5 ;  - 2 . 4 ;  - 6 . 8 ;  - 1 0 . 9 ;  - 9 . 0 ;  
4-3G.G 3 s  
[x=G; 0 .01 ;  0 . 0 3 ;  O.OG; 0 .09 ;  0 . 1 8 )  
(x=O.2; 0.4 ;  0 . 6 ;  0 , s ;  1 . 0 )  
T a b l e  2 (coritj.nuec1) 
+195.3 
- 9 . 7  
x=o. 5 
ATc 
- 5 9 5 . 1  
+ 3 4 1 . 3  
+ 4 2 . 1  
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